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_ THE LONGITUDINAL STABILITY OF FLYING BOATS AS 

o 

DETERMINED BY TESTS OF MODELS IN THE NACA TANK 

h) 

I - METHODS USED FOR THE INVESTIGATION OF 
LONGITUDINAL-STAB I LIT Y CHARACTERISTICS 
By Roland E. Olson and Norman S. Land 

INTRODUCTION 



The problem of the longitudinal stability of flying 
boats while in motion on the water has become of major 
importance in the design of such boats because of the 
present trends in the construction of that type of craft. 
Flying boats are being designed with high wing loadings 
(increased get— away speeds), greater load coefficients 
(relatively narrow hulls;, and high centers of gravity. 
These characteristics, not found in older designs, cause 
the flying boats to operate under conditions that, in 
general, have not been previously encountered. With 
these and other changes, the flying boat is apparently 
becoming more unstable while on the water and at the same 
time, in view of the increased get-away and landing speeds, 
a condition of stability is more essential now than pre- 
viously. The resistance characteristics have become of 
secondary importance because of the increased power avail- 
able in present engine designs. 

The need for additional research on the problem of 
longitudinal stability, or porpoising, is recognized and 
models of several flying boats have already been tested 
at the NACA tank. Many of the forms have had poor char- 
acteristics of longitudinal stability, and changes in 
form have been suggested for the purpose of either cor- 
recting or reducing the porpoising tendencies. Models of 
new designs have been tested to determine under what con- 
ditions they are unstable, and changes in form have been 
made in an effort to insure stability for. the full-size 
flying boat . 

The present paper is devoted to the discussion of 
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certain methods of testing dynamic models that have "been 
found helpful in the determination of the longitudinal- 
s t ability characteristics on the water of a number of 
specific flying "boats. It should be noted that these 
methods arc still in the process of improvement and no 
method as yet gives a perfect or final answer. Conse- 
quently, both specific and general research must be con- 
tinued for the purpose of improving our knowledge of the 
problems associated with the appearance of dynamic insta- 
bility. 

The effects of similar modifications on the longi- 
tudinal—stability characteristics of these models will 
be compared and general conclusions may be drawn as to 
the importance of these modifications. These results 
should be of assistance in evaluating the effects of pos- 
sible variations in the planing bottom of any particular 
mode 1 . 

Research should not be confined to the investigation 
of definite forms but should be extended to include the 
determination, insofar as possible, of the necessary con- 
ditions that must exist in the design of the flying boat 
to provide stability on the water and the order of the 
importance of these conditions. The technique used in 
testing should be developed, with emphasis placed on 
duplicating full— size maneuvers. Additional information 
should also be obtained concerning the application of 
tank data and observations to the full— size airplane. 

METHODS USED IN PREDICTING STABILITY CHARACTER 1ST ICS 



Cfl-!: • ~~ Mathematical theories for determining 
the condition of stability of a flying boat while on the 
water have been suggested. Perring and Glauert (refer- 
ence l) were among the first to publish an approximate 
solution to the equations of motion for a flying boat. 
Klemin, Pierson, and Storer (reference 2) have presented 
a slightly different treatment of the same general method 
given in the British paper. 

The amount of work necessary to determine the condi- 
tion of stability by use of the method of reference 1 cr 
reference 2 is extremely large. Aerodynamic and hydr ody- 
namic data for the airplane must be available, and the 
actual c onrout at i ons are tedious. Until a more simple, 
less laborious, and more accurate method for determining 
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the condition of stability "by means of theoretical com— 
putations is developed, the need for tests of dynamic 
models in the towing tank will remain. 

Oh s_e r £a tiftnp joa^de fl^pi fl g frfoq ..kanfo t*?%m Pr e — 

dieting the stability characteristics of the model on the 
\h "basis of observations made during the usual tank tests 

may lead to erroneous conclusions. The procedure fol- 
lowed in this type of test (reference 3) requires only 
that a model "be geometrically similar to the full— size 
hull; the correct gross weight is obtained by counter- 
balancing the weight of the model and the weight of the 
towing gear. The mass that is moving vertically is thus 
greatly in excess of the weight corresponding to the 
gross weight of the aircraft. With the present tyoe of 
towing gear, it would be impossible to obtain the cor- 
rect mass moving vertically. The lift of the wings is 
simulated by a hydrofoil lifting device or dead weights, 
and no effort is made to duplicate the change in lift 
with change in trim, the damping effect, or the control 
moments of the aerodynamic surfaces. The models are 
generally constructed of pine or mahogany and no attempt 
is rrrn.de to obtain the correct moment of inertia. 

The porpoising characteristics observed during this 
type of tost are only a very rough approximation of those 
for the full— size flying boat. 

R ffa Qftrg fa ufrlqg dynamically ft iffiftfraf * mpdaj-g^— Refer- 
ences 4, 5, and 6 report research conducted by the British 
in the Vickers and 3 . A . £ . tanks with dynamic models, mod- 
els with the proper geometric form and also the correct 
moment of inertia and mass moving vertically. These re- 
ports discuss the methods used and a few of the conclu- 
sions drawn from the results of the tests. 

Research has been conducted at the NACA tank to in- 
vestigate the stability cnaracter istics of flying boats 
by use of dynamically similar models. The aerodynamic 
surfaces, wing and tail group, are a part of the model. 

The remainder of this report will be devoted mainly 
to a discussion of the problems involved in the construc- 
tion of the model, the apparatus for making the tests, 
and the methods of testing. In this discussion, data 
from the construction and tests of a model of a typical 
flying boat will be used for illustration and from the 
data some conclusions will be drawn as to changes in the 
form of the hull that will improve the stability charac- 
teristics . 
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MODEL 



Sele ction of 8i age of model »— In tank tests, the 
results of model tests are converted to full size by ap- 
plying Fronde 1 s law of comparison. According to this 
law, the hydr odynamic forces vary as the cube of the scale 
at a given value of the Fronde number V 2 /bg (where V 
is the speed; b, the beam of the model; and g, the 
gravity constant). It can also be shown that, neglecting 
scale effect, the aerodynamic forces vary in the same 
way with scale. Neglecting scale effect, the aerodynamic 
forces are a function of pl^V^ (where p is the density 
of the air; i, a characteristic length; and V, the 
speed). At the same Froude number, V 2 varies as the 
first power of the scale and I 2 varies as the square of 
the scale; hence the aerodynamic forces vary as the cube 
of t he scale . 

If the model is built with a form similar to the 
full size and the gross weight is proportional to the cube 
of the scale, the hydr odynamic and aerodynamic forces on 
the model will simulate those on the full size, if scale 
effect is neglected. In order to reduce the error due to 
scale effect, the models are built as large as possible, 
the limiting condition being the width of the tank. (See 
fig. 1.) 

2ar Ai£Ul&:r s.._£f _m.Qde 1^~ The model used for illustra- 
tion represents a hyp ot he t i c e 1 design for a modern flying 
boat of 133,000 pounds gross weight and is designated 
NACA model 101. The form of the hull was chosen from a 
series of streamline hulls originated at the 1TACA tank. 
Part of the series has been t e s t e d, but t he results have 
not been published. A later extension cf the series was 
made to include variation in the length—beam ratio, and 
it was from this last-mentioned family that the hull for 
model 101 was chosen. 

The heights of the bow and stern were selected on 
the basis of the results obtained during tests of the 
original streamline hulls. The length-beam ratio is 6.54. 
The lines of the hull are given in figure 2; the typical 
sections, in figure 3; and the offsets, in tables I and 
II. The general arrangement of the complete model is 
shown in f i gur e 4 . 

Important dimensions of the model are as follows: 
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ffnll-q lz£L l/12-fllee model 

Dimensions of hull 

Beam, maximum 14.25 ft 14.25 in. 

Beam, at step 1? . 84 ft 13.64 in. 

Length of fareVody .... 56.02 ft 56.02 in. 

Length of afterbody • . . . 3-7.15 ft 37.15 in. 

Length of tail extension. . 35.24 ft 35.24 in. 

Length, over-all 123.41 ft 128.41 in. 

Depth of step: 
Model 1013A, 

2.3 percent beam . . . 0.40 ft 0.40 in. 

Model 1013? , 

4.9 percent beam . . . 0.70 ft 0.70 in. 

Model 101BC , 

7.0 percent beam . . . 1.00 ft 1.00 in. 

Angle of dead rise at step: 

Excluding chine flare . . . • - 20° 

Including chine flare . . 18.5° 

Angle between keel lines at s.tep S.8° 

Dimensions of wing 

Area .......... 3700 sq ft 3700 sq in. 

Span 200 ft 200 in. 

Root chord 28 ft 23 in. 

Root chord, section % . If AC A 23021 

Tip chord. 9.33 ft 9.33 in. 

Tip chord, section . . . NAG A 23012 

Angle of wing setting, to 

bsse line . 5.5° 

L.E. at loot, aft of bow 41.03 ft 41.03 in. 

Length, h.k.C ■ . 20.12 ft 20.12 in. 

L.E. M.A.C., aft of bow . 43.79 ft 43.79 in. 

L.E . M.A.C. , forward of 

step 12 .23 f t 12 .23 in. 

Taper r at io 3:1 

Aspect ratio 10.7 

Upper— surf ace ordinr tes at 35— percent chord lie on 
line perpendicular to center line of model. No twist, 

Dimensions of horizontal tail surface 

Area 504 sq it 504 sq in. 

Span 42 . 0 ft 42 . 0 in . 

Chord, total ....... 12.0 ft 12.C in. 

Chord, elevator ..... 6.0 ft 6.0 in. 

Section . NACA 0 015 

Aspect rat i o 3.5 

Loading conditions 

e.g. forward ofster> .. 7.20ft 7,20 in, 

e.g. above keel 13.11 ft 13.11 in. 
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^ul 1— sJLz_£ 1 2— size model 

C-r os s 1 oads 
All models 

(normal C A ■ 0.72) . . 133,000 l"b 76.5 lb 
Als 0 on model 0 101BC 

C A = 0.62 107,800 lb 65.8 lb 

C/ = 0.82 142,500 lb 87.1 Xb 

ho 

Pitching moment of inertia at out e.g. 

All models (normal) . . . 149,000 5.97 



Also on model 1C1BC 

(25-percent increase) . 186,000 7.46 



slTLg-fta slug-f t* 

7 .46 

slug-f t 2 slug-ft 2 



Mass moving vertically 

All models (normal) . ■ . 133,000 lb 76.5 It) 

r 87.1 It) 

Also on model 101BC ... \ 95.6 It) 

I 114.7 It) 



Figure 5 shows model 101BA assembled and ready for test- 
ing . 

Construction of aaodel »~ In order that modifications 
may be easily made, the hull of this particular model is 
constructed in three sections. The bow section forms 
the portion of the hull forward of station 10. The main 
section extends from station 10 to the after perpendicular 
and is recessed to receive the third, or afterbody, sec- 
tion. Three afterbody sections were available for these 
tests giving three depths of main step. The wing and 
tail group are attached to the main section of the hull. 

Figure 6 shows the type of construction used through- 
out the hull. Transverse frames with lightening holes are 
cut from l/l6-inch and l/:?-inch spruce plywood. A mean- 
line stringer of l/l6— inch plywood extends on each side 
from bow to stern. Other stringers are l/4- by l/4-inch 
balsa. Two relatively heavy bulkheads (l/8— in. plywood 
with no lightening holes) and a heavy horizontal platform 
(1/2— in. mahogany) are located at the position of attach- 
ment of wing and towing fitting. The bottom is planked 
with l/8-inch balsa and the sides and deck are planked 
with i/l6-inch balsa. The hull is covered with profilm 
to prevent absorption of water by the balsa planking. The 
bottom and lover portion of the sides have two coats of 
gray pigmented varnish in addition to the profilm. The 
profilm is applied to the balsa skin in small sheets, or 
strips, with overlapping edges. 
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Item 


I 0 about 
own e.g. 


j transfer 
inertia 
to test 
e.g. 


I about 
\ test c .g. 

L . J 


1 about 
test e.g., 
percent of 
total 


Hull 
Wing 

Horizontal tail 
Vertical tails 
Ballast 
Totals 


2.Z2 
.11 

2.43 

L 


0.11 
. . 12 
1 .25 
.43 
1 . 63 
3 . 54 


2 . 43 

.23 
1 .25 

.43 
1.63 j 
5 . 97 


40.7 
3.8 
21.0 
7.2 
27.3 
100.0 
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Note that the I of the tail surfaces was too small 
to measure, hut the final contribution of the tail sur- 
faces to the required test moment of inertia of the com- 
plete model is slightly greater than that of the ballast. 
Light construction of the tail surfaces and the after por- 
tion of the hull is therefore essential. 

flep artnre a from f ull-g lg s ^orp that permit s^r 
3 c t Simula t _i o n_ of __f u 1 1=:£ i^ e _b e ha v i or_._- The model described 
above may be considered a d imensicnally and dynamically 
correct reproduction of a hypothetical flying boat. It 
has been found that such a model is primarily useful for 
comparing the relative stability of any forms tested. 
Nevertheless, the stability of any form tested on such a 
model may not reproduce exactly that of a similar full- 
size flying boat. 

In order that a more accurate indication of full- 
size behavior may be obtained from the model's behavior, 
certain modifications must be made to the true, scaled- 
down aerodynamic surfaces. These changes are necessi- 
tated by the low Reynolds number at which the models are 
tested. The low Reynolds number is due to: (l) practi- 
cal limitations on si^e and speed; and (2) the necessity 
of running the hull at the proper Fronde number. The 
result of these requirements is to reduce the angle of 
attack at which the surface? stall and also the maximum 
lift coefficient. 

An additional difficulty arises from the fact that 
the airspeed over the model is reduced to a value slightly 
below the water speed, because the air is dragged along 
by the towing carriage. A reduction in the total lift at 
any angle and speed is therefore inherent. 

The low stalling angle and low maximum lift coeffi- 
cient can be compensated for by adding leading-edge slats 
to the wing of the model. The data given in reference 7 
have been used in designing such slats. 

The low total lift may be compensated for by adding 
area to the scale-size v/ing, usually by extending the 
tips. Additional area may also be necessary on elevators 
to obtain the correct control moments. 

The aerodynamic characteristics are determined by tow 
ing the model just clear of the water and measuring the 
total lift and trimming moment. Adjustments of slats, 
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areas, and so forth may then be made on the basis of these 
results. 

APPARATUS 

In order to reduce the aerodynamic interference 
between the towing carriage and a dynamic model, the water 
level is reduced from that given in reference 3 resulting 
in a clearance "between the model and the bottom of the 
carriage of approximately 10 feet. In these tests the 
model was towed from a small auxiliary carriage which was 
pushed by the main carriage. The relative positions of 
the model, the main and auxiliary carriages, and the tank 
are shown in figure 1. Figure 8 sho^s the model being 
towed under the carriage, tfith the model supported beneath 
the auxiliary carriage the airspeed in the vicinity of the 
wing of the model is slightly lower than the carriage speed. 
With the model supported beneath the main carriage at this 
same low water level, the airspeed is slightly higher than 
the carriage speed. In neither case is there any appreciable 
distortion of the direction of. the air stream. 

The auxiliary carriage, shown in figure 1, is of 
welded steel tube construction with four supporting wheels 
and four pairs of guide wheels. All wheels have pneumatic 
tires. An inverted pyramid made of steel tubing and ex- 
tending below the carriage supports a roller cage. The 
roller cage consists of two sets of ball-bearing rollers, 
located about a foot apart vertically. Each of these sets 
of rollers is made up of eight rollers located two on each 
side of a <2- by 1— inch rectangle. A vertical towing staff 
of rectangular section, and of the above dimensions, is 
guided by the roller cage. The model to be tested is piv- 
oted at the lower end of the towing staff, the pivot being 
located at the center of gravity of the ballasted model. 
The model is thus free to pitch about its center of grav- 
ity, at the lower end of the staff, and rise vertically 
with the staff. Restraint in yaw and roll is provided by 
the roller cage . 

For the usual stability tests, trim is read from an 
indicator located on the model. 



PROCEDURE 



For the purpose of investigating the stability char- 
acteristics of flying boats in the NACA tank, two general 
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types of test procedure are usually followed: (l) The 
range of trims at which the model is stable is determined 
for a series of constant speeds covering a practical 
range of operation; and (2) the variation in attitude and 
"behavior of the model is noted during accelerated runs. 

pons t^fl^—speed runs n — In general, there are two pri- 
mary limits of stability: an upper limit consisting of two 
parts (the upper limit, increasing trim; and the upper 
limit, decreasing trim) and a lower limit. Changes in 
trim "beyond the upper limit, increasing trim, or the lower 
limit result in porpoising. 

During the early invest i gabions , the tail was set at 
fixed angles and the trim and condition of stability were 
noted at a series cf tail settings and constant speeds. 
The model assumed f r e e— t o — t r i m attitudes, and the condi- 
tion of stability was ncted after a small initial pitching 
motion had been applied. If the model was violently un- 
stable, the trim was determined by restraining the model 
in pitch with two opposite vertical forces applied to the 
tail and by gradually reducing these forces until, at the 
instant of release, the forces were approximately zero. 
The trim was read at the instant of release before an 
appreciable amplitude of porpoising developed. 

Sy the investigation of the condition of stability 
for a number of settings of the tail, the trims at which 
the model will be stable can be determined. 

The model is likewise run at a. series of constant 
speeds with the position of the tail group controlled by 
an operator on the carriage. At each speed the trim of 
the hull is changed by adjusting the elevator and stabi- 
lizer positions until the available maximum or minimum 
trims are obtained or until porpoising motion is noted. 
The trim at which porpoising motion is first observed is 
designated as a limit of stability. Typical curves are 
shewn in figure 9. 

The lower limit of stability is obtained by decreas- 
ing the trim and usually appears just over the hump speed 
as the afterbody comes clear of the water . This limit is 
present over the remainder of the take-off. 

The up^er limit of stability (increasing trim) gen- 
erally appears at intermediate planing speeds and is 
reached by increasing the tri.m until porpoising occurs. 
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Because the trim of the hull is high, this porpoising is 
often referred to as 4, high-angle porpoising." 

After the uoper limit of stability (increasing trim) 
has "been exceeded and porpoising is started, the elevators 
are moved to produce a lower trim and stop the motion. 
The model does not become stable as the upper limit (in- 
creasing trim) is again reached. Often the trim must be 
decreased by several degrees below this limit, before 
stability is established. When the model becomes stable, 
there is generally a sudden decrease in trim indicating 
that an excess of control moment had to be applied to stop 
the porpoising. The trim is noted just before this sudden 
decrease and is designated the upper limit, decreasing' 
trim. 

If the elevator control is insufficient to reach the 
upper limit, the model 5s jumped to a high trim by a sud- 
den change in the angle of attack of the elevators. This 
maneuver sometimes starts porpoising that continues until 
the trim is decreased to the upper limit, decreasing trim. 

Accelerated TjxtiS Accelerated runs are used for de- 
termining the stable positions of the center of gravity 
and for locating the best position of the step. These tests 
are m-ade with the tail group at fixed angles of attack. At 
prearranged speeds (intervals of 5 fps) during the acceler- 
ation, the trim of the model is read and the behavior noted. 
This procedure is repeated at several settings of the tail 
group-. The acceleration is continued to get-away speed un- 
less the porpoising becomes too violent, in which case the 
model is taken out of the water. F or this type of test the 
get-away speed of the model should logically be attained in 
a time equal to that for the full-size multiplied by the 
square root of the scale. If too rapid an acceleration 
were used, the time available for making readings would be 
insufficient. A lower rste of acceleration is therefore 
applied, and emphasis is placed on the reproducing of the 
rate of acceleration in successive runs. Get-away speed 
generally is reached, in 3C or 40 seconds. The effect- of 
changing* the rate of acceleration will be discussed later. 

. If a specific design is being investigated, the con- 
trol moment produced by the tail should correspond to that 
of the full size. This control moment is checked by. making 
an aerodynamic test in which the model is towed just clear 
of tl-ie water, and the lift and the control moments are read 
from dynamometers located in the supporting cables. 
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A variation of ' the accelerated-run method of testing 
is used in investigating take-off and landing characteris- 
tics. The rate of acceleration of the carriage is increased 
and the model is flown off and landed at different atti- 
tudes. Motion pictures permit a more detailed study of the 
"behavior . 



RESULTS AND D IS CUSS I OK 



Coxie t q,nt«- g pee & tests » — Inasmuch as most 
tigations were made using model 101BC (1.00 i 
step), the results obtained with this model w 
cussed in detail. 

The data plotted in figure 9, representing the limits 
of stability for model 10130 , show a considerable scatter 
of points, especially "between tests made on different dates. 
This scatter may "be partially explained "by the fact that 
the planing "bottom near the step could not be maintained as 
smooth as would "be desirable. Because of the severe por- 
poising to which the model had been subjected during these 
tests, it was necessary to repair the covering on the fore- 
body bottom near the main step on several occasions. Each 
time the wood was found, to be water-soaked. For one test, 
this planing bottom was deliberately roughened by fitting 
strips of profiln, which were attached just forward of the 
main step and loose at the trailing end. The scatter of 
points was increased and the lower limit of stability was 
substantially decreased. These results emphasize the ne- 
cessity of maintaining the same condition of smoothness 
throughout the tests if the results obtained with differ- 
ent modifications are to be compared. 

The porpoising motion that appears on departures in 
trim below the lower limit is mainly motion in pitch and 
generally damps rapidly as the trim is increased. The ac- 
curacy of the determination of this limit is about ±l/4° 
for these tests. The porpoising just beyond the hump 
speed is not particularly violent and the amplitude of the 
motion increases slowly. The reverse is also true; the 
amplitude decreases slowly when the trim is again increased, 
indicating that the damping forces are small. This charac- 
teristic was particularly evident for all the modifications 
of model 101. 

At high -speeds the lower limit is very definite and the 
amplitude of the porpoising rapidly increases with departure 



of the inves— 
n . , depth of 
ill be dis— 
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in trim "below the limit. Most of the dynamic models 
tested in the tank show this characteristic. A record 
of the trim and rise during this porpoising is shown in 
f 1 guf e 10(c). 

on 

9 ; . Porpoising at the upper limit is generally violent. 

After a very slight departure in trim above the upper 
limit, the porpoising motion increases rapidly and appears 
to "be almost independent of the amount of the departure 
in trim above the limit. The motion is mainly in rise, 
and the model appears to "bounce on the main step with 
relatively little vertical motion at the second step. 
The variation of the trim and rise during this porpoising 
is Bit own in figure 10(a). The large variation in rise is 
evident from these records. The accuracy of determination 
of the upper limit (increasing trim) is about ±l/4° for 
these tests . 

If the elevators are returned to the setting at which 
the model was stable just before the porpoising began, the 
motion will not stop. further decrease in trim is neces- 
sary to recover stability. The trim at which porpoising 
ceases (upper limit, decreasing trim) is determined in 
these tests to an accuracy of about +l/2°. At 48 feet per 
second (fig. 9) the model did not start porpoising until 
a trim of 9° was exceeded, but a recovery from this insta- 
bility could not be made until the trim was decreased to 
almost 6°. With a stable condition at 4 8 feet per second 
there is a range of trims of about 7° in which the model 
does not porpoise. When porpoising at high angles is 
started, however, this range of stable trims is reduced to 
about 4°. 

A record of the trim and rise during a recovery from 
this type of porpoising is shewn in figure 10(b). This 
record illustrates the sudden decrease in trim as porpois- 
ing s t ops . 

. The presence of the upper limit, decreasing trim, may 
account for the violent porpoising that occurs in making 
stalled landings with some flying boats which, at the same 
time, apparently have no porpoising tendencies during the 
take— of f . . 



At low speeds, approximately 26 to 31 feet per second, 
another variation in the porpoising was observed. If the 
trim is very suddenly increased to a high value, either by 
changing the elevator angle or by starting violent porpois- 
ing because of a large decrease in trim below the lower 
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limit, a porpoising motion that is entirely uncontrollable 
may "be established. The amplitude in several cases was 
greater than 10°. The lower extreme of the trim lies he- 
lew the lower limit. The upper extreme is a higher trim 
than can he obtained with the available control moment and 
probably lies above an upper limit. A recovery by use of 
the elevators was impossible; the model was usually re- 
moved from the water to prevent its being damaged. Figure 
10(d) shows the variation in trim and rise during this 
porpoising. 

The condition of stability obtained with fixed set- 
tings of the tail may be compared with the limits of sta- 
bility obtained by changing the angle of incidence of ^the 
tail surfaces until porpoising occurs. Such a comparison 
is shown in figure 11. The result? obtained by either 
procedure are substantially the same. This agreement in- 
dicates that any small moments that may be introduced by 
the presence of the Bow den cable are negligible. 

As a rule, when tests are made at constant speeds, 
the stability characteristics are determined for only one 
position of the center of gravity. Modifications of the 
model are then tested in an effort to determine the changes 
that will increase the range of stable trims. Available 
information indicates that the principal effect of moving 
the center of gravity is the change in pitching moment 
that results in a change in the trim. 

An increase in the range of stable trims would be 
expected to increase the range of stable positions for the 
center of gravity unless the modification produces a com- 
parable change in hydrodynamic moment. In order to deter- 
mine the range of stable positions for the center of grav- 
ity, tests are ordinarily made at accelerated speeds. 

4cc e ler a t e d_r un^- Results obtained by making tests 
at accelerated speeds are plotted in figure 12. The lim- 
its of stability obtained at constant speeds are also 
shown in figure 12. As the trim during the accelerated 
runs crosses the limit of stability, the model begins to 
porpoise and continues porpoising until the trim is again 
in a stable region. In this respect the two methods give 
fairly consistent results. 

If the control moment and lift of the full-size fly- 
ing boat are simulated on the model, this method gives a 
rapid indication of the stability. Only settings of the 
elevator used in actual flight need to be investigated. 
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This method has been used to determine the range of posi- 
tions for the center of gravity at which the model is 
stable ♦ 

If the acceleration is small, the amplitude of por- 
poising may become large because the trim of the model 
is in an unstable region for a long period of time. With 
a more rapid acceleration the model passes through an un- 
stable region without developing an appreciable amplitude 
of porpoising. This effect has been noted in tests of 
several models. Ihe acceleration must therefore be repro- 
duced as nearly as possible for tests of all modifications 
of a model if the results are to be comparable. 

The results obtained by either method of testing are 
influenced by waves. With accelerated runs, however, the 
presence of the v/aves will have a greater effect on the 
results. Each reading is a part of the time history of 
the variation of the trim, and the readings at any partic- 
ular speed are not independent of previous readings. If 
the trim is sudde n ly increase d as the model passes through 
a wave, porpoising may be started and the readings taken 
immediately thereafter are changed by this initial por- 
poising. For this reason all runs are made with about the 
same time interval between runs and about the same degree 
of roughness of the water. 

In the case of tests at accelerated speeds the con- 
dition of the waves in the tank, the variations in rate 
of ac ce ler 8 t i o n , and the general difficulty of reading 
trim during porpoising cause considerable scatter of the 
points when the results are plotted. If the stability- 
characteristics of the model are particularly poor, it is 
very difficult to obtain data showing a systematic varia- 
tion that tests of other models (by the same method) in- 
dicate is present. 

Bfffeqfr of vari ations la, f oment of Inertia *— The ef- 
fect on the porpoising characteristics of a change in 
moment of inertia is of interest because it is often 
necessary or desirable to make tests st other than the 
design values. If the construction of the model is not 
sufficiently light, the moment of inertia of the unbal- 
lasted model may be such that it is impossible to obtain 
balance about the center of gravity without exceeding the 
design value for the moment of inertia. When several 
loads are being investigated, it is usually sufficient and 
most convenient to use one value of the moment of inertia 
for all t he 1 oads . 
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In order to determine the effect of variation in 
the moment of inertia on the limits of stability, model 
101BC was run with a 25— percent excess moment of inertia, 
the gross load and mass moving vertically "being kept con- 
stant . 

The limits of stability for the normal condition 
(5.97 slug-f t2) and f or a 25-percent excess (7.46 slug— 
ft 3 ) are shown in figure .13. The excess moment of iner- 
tia has little effect on the limits of stability within 
the accuracy of the tests, the only measurable difference 
being at the upper limit, decreasing trim. Since this 
limit is determined by a recovery from an existing unstable 
condition, some change would be expected with a change in 
the moment of inertia. A precise adjustment of the moment 
of inertia of a model to the design value is therefore not 
critical if the limits of stability are to be determined 
from constant-speed runs. If several conditions of load- 
ing are being investigated, an average value of the moment 
of inertia may be used for all the loads. 

Unfortunately, comparable data were not obtained at 
accelerated speeds. Tests of ether models indicate, how- 
ever, that very large departures from the design-value of 
the moment of inert i a do influence the results. 

t. _ o f v a r i.a t- jl o ns. __i n_ma s. s._ _mo v i. ng__ ver i ij: ali y__^— The 
effect of varying the mass moving vertically (model 101BC) 
on the limits of stability is shewn in figure 14. The 
mass moving vertically was increased by adding a weight tc 
the towing staff and an Qqual counterweight thus keeping 
a constant load on the water. The normal mass moving ver- 
tically (76.5 lb) was increased by 14 percent, 25 percent, 
and 50 percent . 

The lower limit and the upper limit, increasing trim, 
are unaffected by the variations in mass moving vertically, 
within the limits of accuracy of the tests. The upper 
limit, decreasing trim, is shifted to lower trims as the 
mass moving vertically is increased. Such a change is ex- 
pected because this limit represents the trim of recovery 
from an already existing porpoising condition. 

Figure 15 shows similar data obtained by accelerated 
runs for two settings of the tail group. In general, an 
increase in mass moving vertically tends to delay the in- 
crease in amplitude of porpoising. If it ft neutral elevators 
and 95.6 pounds moving vertically, the amplitude apparently 
did not have time to develop. With 114,7 pounds moving 
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vertically, the porpoising became unmanageable at a lower 
speed. This behavior is probably due to the presence of 
wavps in the tank. With the tail set for minimum trim, 
the increase in amplitude of porpoising was definitely 
delayed as the mass moving vertically was increased. With 
this setting of the tail and excess mass moving vertically, 
the model was removed from the water soon after porpoising 
began to prevent its being damaged. 

gffgct of variations of depth of step.- The limits 
of stability, with three depths of step, are shown in fig- 
ure 16. The change in the lower limit is very small and 
is probably caused by changes in the condition of the 
planing bottom rather than by the increase in depth of 
ster>. No appreciable change is expected because the model 
is planing on the fore body alone, and the only water strik- 
ing the afterbody is the spray from under the forebody, 
which occurs at high speeds. 

The upper limit of stability, increasing trim, is 
raised as the depth of step increases. This raising of 
the limit may be caused by increased afterbody clearance, 
better ventilation behind the step, or a combination of 
the t wo . 

With the shallow step (model 101BA) excessive nega- 
tive pressures were present during porpoising at high 
angles and high speeds; and both sides of the afterbody 
planing surface behind the step were torn out of the model 
during the tests. Pressure measurements made on another 
model indicate that the negative pressures may become 
quite large during high— angle porpoising. In this last- 
mentioned case either ventilation of the step by the in- 
stallation of air ducts or an increase in the depth of . 
step improved the performance. 

The upper limit, decreasing trim, is also raised as 
the depth cf step is increased. The violence of the mo- 
tion, as the trim is decreased to approach this limit, 
is also reduced. The model is more controllable and gen- 
erally easier to handle with a deep step. 



Effect of variations of gross load coefficient 



load coefficient is defined by 

C A 0 = V*^ 

where 
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A Q ^ros? load, pounds 

w specific weight of water, pounds per cubic foot 
b "beam of hull , feet 

The effects *f variations in load coefficient on the 
limits of stability are shown in figure 17, For these 
tests the moment of inertia and the mass moving vertically 
were kept constant. The previous tests indicate that the 
effects of variations cf these quantities are small and fir 
ccnvenience they were not varied. 

Over the hump and at intermediate planing speeds, the- 
lower limit of stability is raised as the load coefficient 
is increased. There is an increase in damping at speeds 
just over the hump with the higher load coefficients, the 
model with the smallest load coefficient (C^ = 0.62) hav- 
almost no damping at all in this speed range. At high 
speeds the lower limits of stability with the three values 
of t-he load coefficient tend to approach the same trims. 

The variation in the upper limit of stability, in- 
creasing trim, is small and is not so consistent as the 
variation in the lower limit. The limit is raised as the 
load is increased and, with the same available trimming 
moment, the limit first appears at a higher speed. 

The effect on the lower branch of the upper limit is 
quite large. As the load coefficient is increased, th'is 
limit is raised and the speed at which it first appears' 
is increased. 



CONCLUDING REMARKS 



Two methods for investigating the stability charac- 
teristics of dynamic models have been suggested; 

on^ant ^pgeed ._— The attitude of the 
model is varied by means of the tail group, and the trim 
at which porpoising begins or stops is noted. This type 
of test define? the range erf trims at which the model is 
s t ab le . 

Although an accurate simulation of full— size control 
moment is not essential, sufficient control should be 
available to attain the limiting trims. A shift of the 
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center of gravity may "be necessary to obtain this control 
moment . 

Small variations in the moment of inertia and in the 
mass moving vertically have a negligible effect on the 
limits of stability. With an excess of either, a slight 
shift of the upper limit, decreasing trim, is made toward 
1 ower t r ims . 

The porpoising characteristics are generally deter- 
mined for only one position of the center of gravity by 
this method. In order to determine the range of stable 
positions for the center of gravity, the following method 
requires less time and is c ons eque nt ly preferable. 

_(^2_^£5,i£ _5:l._5:5£ e i£ r il^-£4_2.P. e i e 4_L~" The trim and ampli- 
tude of porpoising, are noted at predetermined speeds dur- 
ing an accelerated run. Data are taken for tv/o or three 
settings of the tail. This type of test determines the 
amplitudes of porpoising of the model over the range cf 
available control moment. 



Control moments, corresponding to the full size, 
must be simulated if these results are to be used in pre- 
dicting full— size behavior. 

Maintaining correct moment of inertia and mass moving 
vertically is more important If this procedure is used 
than if tests are of the constant-speed type. 

Different amplitudes of porpoising can be obtained 
for the same model by varying the rate of acceleration. 
With the present method for controlling the towing car- 
riage, an accurate reproduction of accelerated runs is 
dif f icult , 



A combination of the two methods for testing would 
probably give the most reliable results with the least 
amount of testing. The limits of stability would be 
first determined by making constant-speed runs. Modifi- 
cations would be made on the basis of these tests and the 
merit of any alteration in form would, in general, be 
measured in terms of changes of the stability limits. 
The modification showing the most desirable stability 
characteristics would then be tested by accelerated runs, 
and the range of stable positions for the center of grav- 
ity would be determined. These last-mentioned tests 
would indicate any further changes necessary to make this 
range of positions correspond to those necessary for aero- 
dynamic stability. 
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Increasing the ^epth of step has no appreciable 
effect on the lower limit of stability. The upper lim- 
its are raised with an increase in depth of step, and 
the violence of high— angle porpoising is greatly reduced. 

Increasing the load coefficient raises the lower 
limit of stability. The effect is greatest at interme- 
diate planing speeds. The upper limit, increasing trim, 
is raised as the load is increased and the speed at which 
this limit is first determined is also increased. The 
upper limit, decreasing trim, is moved to higher trims 
and speeds with an increase in load coefficient. 



Langley Memorial Aeronautical Laboratory, 

National Advisory C o mini t tee for Aeronautics, 
Langley Field, Va . 
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APPENDIX 



DETERMINATION OF THE PITCHING MOMENT OF INERTIA 



On 
O 



OF A DYNAMIC MODEL 



! 



In an experimental study of the longitudinal stabil- 
ity of a flying boat "by the use of a model, it is desirable 
that the motions of the model correctly reproduce those of 
the full— size craft. It is therefore necessary to measure 
the pitching moment of inertia of the model. This measure- 
ment may be accomplished by swinging the model as a com- 
pound pendulum. 

n jlf e-*e A e p ft n 1 lift r *•' ^ n elementary form of the pen- 
dulum is that shown In figure IP. The model id suspended 
by means of rigid links from a pair of knife edges. A de- 
tailed discussion of the. method is given in reference 8. 
The virtual moment of inertia of the model about a lateral 
axis through its center of gravity may be expressed as 
follows : 



I true moment of inertia of structure of model about a 
lateral axis through its center of gravity, slug— 



T : period of oscillation of complete pendulum, sec 
W 2 weight of complete pendulum, lb 

L ! distance from axis of rotation (knife edges) to cen- 
ter of gravity of complete pendulum, ft 

T 2 period of swinging gear alone, sec 

W 2 weight of swinging gear alone, lb 

L 2 distance from knife edges to center of gravity of 
swinging gear , f t 




where 



ft 2 



W 



weight of model, lb 
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g acceleration due to gravity, ft/sec^ 

V volume of model, cu ft 

p mass density of air, slugs/cu ft 

M, additional mass effect due to the momentum imparted 
the surrounding air, slugs 

L distance from knife edges to center of gravity of 
model, ft 

I . additional moment of inertia about knife edges of air 
disturbed "by model, slug— ft 2 

The first two terms of the equation represent, respectively, 
the moments of inertia about the knife— edge axis of the 
complete pendulum and of the swinging gear alone. The last 
term transfers the remaining moment of inertia (that of the 
model itself) to a parallel axis through the center of grav— 

/ w N 

ity of the model. The factor [ — + Vp + M, ! is the true 

\ 6 J 

mass of the model as swung. This factor is the sum of the 

W 

mass determined from the model's weight in air — ; the macs 

g 

of air entrapped in the model Vp; and the additional mass 
effect due to the motion imparted the surrounding air M, # 

Under ordinary conditions, the last two effects may be 
safely neglected. The third term of the equation 1^ is 
the moment of inertia about the axis of oscillation of the 
air set in motion by the model. 

In the design of a full— scale flying "boat, the moment 
of inertia is usually computed for the structure alone. 
This value, when reduced in proportion to the fifth power 
of the scale of the model, is that to which the moment of 
inertia of the structure of the model should correspond. 
The neglect of the I. term in swinging the model causes 

an appreciable error. For example (if the results obtained 
with BTACA model 101 are used), the value of computed 
by the method of reference 8 is 0.32 slug— ftS or 5.4 percent 
of the true moment of inertia desired for the structure 
alcne , 5 . 97 slug-f t 2 . 

The length of the pendulum should be kept short in 
order that the moment of inertia of the model ahout its own 
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center of gravity be a large part of the moment of inertia 
of the total pendulum about the axis of oscillation. 

The error in measuring a moment of inertia that may 

be expected in any given case may be easily determined 

from the fundamental formula and the probable errors in 

measuring time, length, and weight. In the case of the 

subject model, this error amounts to approximately 1 per- 
cent . 



Care must also be taken that the model is swinging 
in an arc about th.e knife-edge axis and that no other 
freedom is possible. 

Added-we jjkhJt_J8§. t hod_pf _s wi ngi a g_. - A somewhat more 
convenient adaptation of the compound, pendulum is at pres- 
sent used at the HA C A tank. figure 19 shows the arrange- 
ment. In this method the model is suspended from the tow- 
ing staff actually used in testing. The ball-bearing pivot 
is located at the desired center of gravity to be tested 
and an additional weight suspended rigidly below the model 
to give pendulum stability. A compound pendulum is thus 
formed with its center of gravity somewhat below the pivot. 
The following equation may be derived: 



I a w I 



( 



Y4tt' 



" w 



where 



w 
I 

T 
I 



w 



moment of inertia of model about a lateral axis through 
its center of gravity, slug-ft* 

added we igh t , lb 

distance from pivot to center of gravity of added weight, 
period of oscillation, sec 

moment of inertia of added weight about its own center 
of gravity, slug-fts 



The moment of inertia of the added weight about its 
.own^ center of gravity may in most cases he neglected 

e^at?on ai arf lliU V % considered in the 1*0*1 

equation, and their mission results in an error exactly 
the same as that due to their omission from the formula 
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for the knife— edge system. The possible error due to 
errors in measurement is, of course, the same as that in 
a knife-edge pendulum. 

The chief advantages in the use of an added— weight 
pendulum lie in the ease of setting up and "balancing the 
model. One disadvantage is that the friction of the 
ball— bear ing pivot is higher than that of a set of knife 
edges, making it more difficult to get a sufficient num- 
ber of oscillations. 

l§:li£.£ii5£_EIl£££i" l iI-l^.~" usual procedure followed 

at the NACA tank is to suspend the model at the desired 
location of the center of gravity and to balance the model 
about the pivot by trial location of ballast. The added 
weight is then attached to the model and a trial moment 
of inertia obtained. Computations then indicate the 
proper location and amount of ballast to give the correct 
location of the center of gravity and the correct moment 
of inertia. From the trial ballast and its location, the 
center of gravity of the unballasted model and its moment 
of inertia may be determined. The following relations may 
then be worked cut. (See f ig« 18.) 



J r - 1 o ~ *o r O* - J b 



r 



and 




where 



moment arm of ballast required, ft 



I 



2^ 



required moment of inertia about pivot, slug— ft 2 




moment of inertia of unballasted model about its own 
center of gravity, slug— ft 2 



weight of unballasted model, lb 



moment arm of unballasted model, ft 



moment of inertia of ballast weight about its own 
center of gravity, slug-ft 2 . Neglect, at least, 
for first approximation of r. 



V 
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required ballast weight, lb 

A check determination of the moment of inertia is 
usually made after setting the proper "ballast at the corn- 



er puted location, 

Q 

I 
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TABLE I.- OFFSETS OF MODEL 101BA 



| Dimensions in in .J 




a Distance from canter line to buttock. 
^Distance from base line to water line. 
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TASLS II.- AFTERBODY OFFSETS FOK MODELS I01EB AiJD 101BO 



[Dimensions in iii. Offsets not given are saL.e as 1013A] 



— — 

S oat i on 


r-nrg-.-wmwHiB 

Distance 
from 


Both models 


Model 1C133, 
0*70 step depth 


Model 1013C, 
1.0 step depth. 


F.P. 



Half-breadth 


r 


Distance below 
base line 


k 


Distance below 
base line 




• 


■ 

* 


a 


b 


c 


a 


0 1 
, j 


c 


k 


13A 


56.02 


, 

5.70 


6.9^ 


«»-17 


7.0k 


5.1b 


4.91 


U) 


6.94 


4.86 


U.61 


(a) 


. lU 


61.05 


5.1*9 


6.73 


U.I7 


6.76 


5.75 


4.50 


:o.04 


6.46 


5.^5 


4.20 


(a) 


15 


66.08 


5.15 


6.39 


U.17 


6.28 


^•39 


4.14 


.12 


5.92 


4.09 


3.84 


(a) 


16 


71.11 


K6l 


5. 34 


l '.17 


5-79 


Ku 


3.85 


.24 


5.49 


3.81 


3.55 


(a) 


17 


76.14 


3.S2 


5.05 


^.17 


5ol 


3.92 


3.67 


•39 


5.C1 


3«o2 


3-37 


0.09 


i? 


81. 17 


2.78 


4.02 


fc.17 


M..83 


3.82 


3.57 


.54 


4.^3 


3.52 


3.27 


.24 


19 


86.21 


1.42 


2.65 


4.17 




3. S3 


3.52 


.67 


4.04 


3-53 


3.28 


•37 


"20 


91*21* 


0 


r* 91 


4.17 


3.^5 


3.85 


3.60 


1.01 


3.55 


3. 85 


3.30 


.71 


21 


53.17 






U.17 

I 


3.67 

L 1 ■ . 




3.67 


1.34 


3.37 

1 




3.37 


1.04 



















ITo radius; draw to chine. 
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Figs. 1,2 



cMct'n carriage 



Boom 



Pusher carnage-^ 



Guide wheels^' 
Towing pyramid 





(in) 
128.41 
200.00 
7200 
288.00 

40.00 



Length of model 
Span of wing 
Depth of wafer 
Width of tank 
Height of roller 

cage from water 
Height of bottom of 

pusher carriage 

from wafer 
L eng th of boom he - 

tween pusher and 

mo/n carnage 

(For mam carnage see reference 3) 



1 19.00 
300.00 



Figure 1.- General arrangement of ousher carriage for towing dynamic models. 
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W. L. I Half-breadth 
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W. L 




Figure 2.- Lines of model 101BA. 




Stations 1 3A to 2 1 



Figure 5.- Typical hull sections. 
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General 
Gross load 76.5 lb 
Moment of inertia 

5.97 slug-ft2 



Hull 
Length 
Beam 
L/B 

Forebody 
length 

Afterbody 
length 



128.41" 
14.25" 
6.54" 
56.02" 

57.15" 




Wing 

Span 200" 
Root- 28" chord, 23021 
Tip -9.33"chord,23012 
Area 3700 sq in. 

Aspect ratio 10.7 

Tail 

Span 42" 
Chord 12" 
Elevator chord 6" 
Horizontal tail area 
505 sq in. 




Figure 4.- General arrangement of MACA model 101. 
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Fig. 7 




MCA 



Fig. 8 




Figure 8. - Model 101 being towed under auxiliary carriage. 
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Figs. 9,11 
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Figure 9.- Model 101BC. Scatter of points obtained during tests 
of 1013C. 
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Figure 11.- Model 101BA, Illustration of condition of stability as 

obtained by test? with fixed tail settings and varied 
tail settings. 
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Figure 10.- Model 101BC. Trim and ripe records of porpoising at upper limits, lower limit, ^ 
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Figure 12.- Model 101BC. Stability characteristics obtained 

during accelerated and constant-speed runs. 
Load at rest, A 0 = 76.5 lb; mass moving vertically, 76.5 lb, 



12 



10 



8 




Upper limit, increasing trim 



Upper limit, 
decreasing trim- 



4> 



2 



0 



Normal moment of inertia 

0 25% increase in mom en i - 
ot inertia 



Lower limit 



20 24 28 32 36 40 44 48 

Speed, fps 



Figure 13.- Model 101BC. Effect of increasing moment of inertia, 
constant-speed runs. 




Figure 14.- 
speed runs. 



Model 1013C. Effect of increasing 
masp moving vertically. Constant- 
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Figure 15.- Model 101BC. Effect of varying the 
mass moving vertically on the amp- 
litudes of oorpoi ?ing. 

(a) Elevator full down (b) Elevator neutral 

(minimum trim) (neutral trim) 
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Figure 16.- Model 101 9 Effect of depth of step on limits of 
stability. 




Figure 17.- Model 101SC. Effect of load coefficient on limits 
of stability. 
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Figure 19.- Added weight method of swinging model to determine 
moment of inertia. 



